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We have examined colony-forming ability, localiza-
tion of colony-forming cells, and itr vitro life spans of 
outer root sheath keratinocytes of different frag-
ments of adult human plucked hair follicles. These 
were shown by immunohistochemical staining for 
cytokeratins and integrins to contain a preserved 
basal cell layer. By microdissection, five fragments of 
the outer root sheath (B1, B2, B3-1, B3-2, B4) were 
separated, dispersed by trypsin into single cell sus-
pensions, and grown on human feeder fibroblasts. All 
fragments gave rise to at least some colonies, but 
colony-forming ability was mostly marked in the 
intermediate part (B2) and the lower half of the 
central part (B3-1); approximately 60% of colony-
forming cells of a hair follicle localized to the frag-
ment B3-1 and 28% to the fragment B3-2 (upper half 
of the central part, including bulge). To compare the 
in vitro life spans of cells from the various fragments, 
we subcultured isolated keratinocytes under identical 
conditions. The longest was found in the fragment 
B3-2 and the shortest in the fragment B1 (bulb). 
Moreover, the differentiation state of the native cells 
P lucked human hair follicl es have long been used as an easy- to-prepare biopsy material for the diagnosis of various skin disorders [1 J as well as for the study of hair proteins, especially cytokeratins (CKs) and trichohyalin [2-4]. More recently, it has been shown that keratino-
cytes derived from the outer root sheath (ORS) of plucked hair 
follicle s can be grown in culture [5]. Furthermore , Limat and Noser 
have now devised m ethods for growing primary as w ell as serial 
cultures of keratinocytes derived from hair follicles [6]. A single 
hair follicle can g ive rise to a confluent culture covering a 35-mm 
Petri dish within just 2 w eeks. Tlus m ethod permits the growing of 
keratinocyte sheets using plucked hair follicles, and these cultures 
are very similar to those obtained using interfollicular epidermal 
keratinocytes [7-9]. Owing to their ease of preparation, plucked 
hair follicl es represent a very prac tical material for the culture of 
keratinocyte sheets. 
R ecent r esults of Sun , Lavker, and co-workers strongly suggest 
that cells exhibiting properties of stem cells are restricted to the 
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and the cells of all cultures were studied during their 
whole life spans by immunocytochemical analysis of 
various proliferation and differentiation markers. 
Surprisingly, keratinocytes of all fragments, as shown 
by expression ofhigh-molecular-weight cytokeratins 
and filaggrin, were capable of terminal differentia-
tion. These data indicate that cells with long life 
spans are localized in central parts of the outer root 
sheath close to the bulge area and that cells with high 
colony-forming ability are localized in the lower 
central parts. The latter are usually removed by 
plucking and may therefore not represent stem cells 
but rather cells important for hair growth during a 
single cycle. Cells with long life spans-also included 
in plucked hair follicles-may be immediate progeny 
of stem cells that will be segregated in the bulge area. 
Finally, our results are important for gene transfer and 
stem cell gene therapy in genodermatoses, because 
plucked hair follicles are easily available and keratino-
cytes close to the bulge area should be used selectively. 
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bulge region of mouse and hwnan hair follicles [10-13] . Tlus sub-
population of ORS cells has been shown to be slowly cycling, label 
retaining, and ultrastructurally undifferentiated [1 0-14]; they also 
have been found to respond to growth stimulation by phorbol 
esters [10]. Although the possible presence of stem cells in the bulge 
is of great interest and would explain some o therwise puzzling 
features of the hair cycle, it alone does not explain all aspects of hair 
biology, especially in humans. For example, it seems highly likely 
that a further germinative or stem cell population is present in the 
proximal region of hair bulbs, at least in rat vibrissae follicles during 
an agen stages [15]. U sing clonal analysis, Rochat et a/ [1 6] have 
recently provided recent evidence that stem cells are present within 
the lower ORS of humans. It remains unclear whether tlus is the 
only site containing such cells. D etermining the precise location of 
hair-follicle cells with the greatest colony-forming abili ty and the 
strongest growth capacity would be of great interest, because cells 
with such characteristics are of particular value for cultures, trans-
fection experiments, and gene therapy applications in the investi-
gation and treatment of hereditary skin diseases. We investigated 
the characteristics of ORS keratinocytes of plucked anagen h air 
follicles of the human scalp, their colony-forming ability , and their 
iu vitro life spans after microdissection. 
Our results indicate that the cells with the highest colony-
forming abili ty and longest i11 11itro life spans in plucked human hair 
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follicles are restricted to the lower foUicle regions, i. e., b elow the 
hair bulge, in an area containing basal ORS cells exhibiting a 
c h arac teristic colmnnar structure . 
MATEIUAL AND METHODS 
T issues Anagen hair fo llicles were plucked fro m the scalps of 42 volun-
teers (three to ten follicles each) , immediately incubated in RPM! medium, 
a nd then processed by microdissection either fo r culture o r fo r h.i sto~ and 
inm1llnoh.isco-chcmical procedures after appropriate fixation. Jn addition, 
samples of human scalp skin (nine cases) were obtained immediately after 
the surgica l rCJnovaJ of vario us skin tutno rs; these were frozen in isopentanc 
precooled in liqttid nitrogen and stored at -8ooc until used for immuno-
histochemistry. In four additional cases, the hair fo llicles were pinched off ill 
toto from the tissue according to C hin et nl [17]; these samples were 
m icrodissected and processed for culture similarly. Fou.r samples of scalp 
skin were subjected to BrdU incorporation (20 h , 22°C). 
Microdissection Individual plucked human hair follicles in the anagen 
stage were selected and microdissected into five segments using fine 
p repa ration knives under a binocular microscope (Wild M3Z, Leica, 
Stuttgart, Germany) . T he five parts were as follows: Bl , the bulb; B2, the 
intermedia te area; .83-1, the lower half of the central part; .83-2, the upper 
half of the cen tra l part comprising mainly the bulge; B4, the upper bulge 
level and the isthmus area. After being cut, each o f the five fragments was 
used for separate cell cul tures . For comparison, h:1ir follicles pinched out of 
fres h tissue samples were prepared using collagenase-dispase (.Boehringer, 
Ma1mheim, Germany) according to the procedure of C hiu el nl [17]; after 
th e isolation of the individual hair follicles, the surrounding dennal tissues 
were removed with fine preparation needles and the fragments (Bl to B4; 
see above) were cut and cultured separately. 
Cell and Organ Culture Single-cell suspensions from parts B1-B4 were 
o btained with trypsin (0.05%) and cthylenediaminetctraacetic acid (EDTA) 
(0.01 %) for 45-75 min at 37°C. The resulting cell suspensions were centrifi.•ged 
and plated on feeder layers of lethally irradiated human fibroblasts (2500 
cGy) and FAD medium (a 3:1 mixture of Dulbecco's modified Eagle's 
medium and F12 medium ; Biochrom, Berlin , Germany) supplemented with 
10% fetal bovine serum, adenine, insulin , tri-iodothyronine, hydrocorti-
son e, cpidcrn1al g ro\vth facto r. cho ler-:1toxin, penic i.llin, and strepton1ycin . 
After 10-1 2 d , the first subculture was performed . In all subcultures, two 
different culture media were used, i. e., kerati.nocyte growth medium 
(Promocell, H eidelberg, Germany) without a feeder layer and FAD (see 
above) together with the fibroblast feeder layers (see above) , to minimize 
possible effects of the culture media . The cultures were fed with medium 
every third day and subcultured to about 70% confluence, i. e ., every 2-5 d, 
until the end of their life spans. To eva lua te their colony-forming ability, six 
a nagen hair fo llicles fro m ten donors were used. T he number of iso lated 
single cells was estimated by coun ting the number present in one half of 
e ach cell suspension, and the other hal f was used for culture. T he primary 
c ultures were fixed in formalin after 11 d and stained with rhodami.ne-B / 
Nile Blue, and the number of colonies was counted under a microscope 
(Dialux, .Leica). 
Histochemistry For morphologic studies, both unfixed and formalin-
fixed/paraffin-embedded plucked hair fo llicles were cut into longitudinal 
a nd transverse sections (5 ,u.m thick). After hematoxylin-eosin staining, 
various antibod ies were applied to the sections (sec below). 
Immunohistochemistry Cryostat sections (6 ,u.m thick) of scalp skin 
and plucked hair fo llicles were fixed i11 acetone, air-dried, a11d processed for 
immunohistochemistry. Native single ce ll s (dissociated by trypsin) of parts 
B1-B4 as well as cell s fro m each subculture were isolated fo r immunostain-
ing. These were centrifuged (Cytospin 3, Shandon), fixed in methanol-
acetone, and frozen (- 80°C) until usc. The following primary antibodies 
were appl ied: m o use monoclonal antibody (MoAb) A.E14 against CK 5 
(kind ly provided by Dr. T.-T. Sun, New York); MoAb E3 against CK 17 
(Progen Bioteclmics, Heidelberg, Germany); MoAb CK 7 against CK 7 
(Boehringer Mannheim, German y); MoAb CAM 5.2 against C K 8 (Becton-
Dickinson, H eide lberg, Germany); MoAb K, 18. 174 against CK 18 (Progen 
Biotcchn.i cs); MoAb K5 19.2-Z 1 OS against CK ·19 (Progen Biotechn ics); 
MoAb lT-K5 20.3,6,8 aga inst CK 20 (Progen lliotcchn.ics); a guinea pig 
antiserum against CK 15 (kindl y provided by Dr. 1-1 . W. 1-lcid, H eidelberg, 
Germany); MoAb K58.12 against CKs 6 and 16 (Bio-Makor, R.chovot, 
Israel) ; MoAb Kk8.6Q against CK 1,10 (Bio-Makor) ; MoAb 12094 against 
filaggrin (Pacsel + Lorei , Frankfurt, Germany); MoAb VIM 3ll4 against 
vimentin (Progcn Biotechn.ics); MoAb CD 29 against VLA {31 integrin 
(Diauova, Hamburg, Germany); MoAb .Bu 20a aga inst BrdU (Dako); 
MoAb MID 1 against Ki67 (Dianova); and MoAb D.E-B-5 against Desmin 
(Boehringer) . Additional references for the cytokeratins and antibodies arc 
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Figure 1. A plucked human anagen hair follicle . Shown are (n) the 
upper bulb, the ORS from upper bulb to area of sebaceous gland with 
clumped tissue c lements (nm1111) at its upper border, and (b) its division into 
the fragments lH (bulb area) , B2 (in termediate area), B3-1 (lower half of 
central part) , B3-2 (upper half of central part), and .84 (isthmus area) . Bar, 
0.3 f.Lm . 
given in [1 8-22]. Indirect immunoperoxidasc staining was performed using 
peroxidase-coupled goat antibodies against mo use immunoglobulins (Dako, 
Hamburg, Germany) as secondary antibodies. 3,3 '-diam.i.nobcuzidine 
(DAB) and H 20 2 were applied for the staining reaction (for details, see 
l 1 8]) . In the case of.BrdU, the protocol was a sligh tly different version of the 
procedure o utlined by Gratzner [23] . 
h1direct double-immunofluo rescence microscopy (for methods , see [24]) 
was perfo rmed with goat an tibodies coupled ·with either Texas Red or 
fluorescein isothiocyanate (FITC); the antibodies were anti-mouse or 
anti- guinea-pig immunoglobulins (Dianova, Hamburg, Gem1an y). We 
replaced the primary antibodies either with an irrelevan t antibody or with 
phosphate-buffered saline in the control samples. 
RESULTS 
ORS Is Present and Intact in Plucked Hair F ollicles 
Anagen h air fol.licles pluck ed from human adult scalp skin were 
u sed to evaluate and compare th e i11 vitro growth capacities of 
various cell subpopulation s. In histologic investigations (hematox-
ylin and eosin staining), they exhibite d an almost intact ORS 
extending from th e upper bulb up to the isthmus area, m ostly 
comprised of basal cells (Fig la, see al so Fig 2a). In particular, the 
large highly columnar cell s ch aracteristic of th e lower ORS could 
b e ide ntifie d by m.icroscopic examination of complete h air follicles 
as well as in transverse and lo n gi tudinal sections (see a lso F ig 2). 
Only a few plucked h air follicles did not exhibit a con tinuou s, 
unbro k e n layer of b asal colunu.ar cells. In m any cases, cl mnped 
ti ssu e e le m ents were visible n ear th e upper e nd of th e ORS, 
probably indicating the bulge area (Fig 1a). In plucked anagen hair 
follicles, the lower bulb and tl1e sebaceou s g land were absent. 
ORS CKs in Plucked Hair Follicles To characterize th e o uter-
most cells of the ORS in pluck ed fo llicles, we p erfonned a series of 
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F igure 2. hnmunoperoxidasc microscopy of ORS of plucked hu-
man anagcn hair follicles within the fragments B3-1 and B3-2 using 
various CK antibodies. a) Basal keratinocytcs (nn-o111) ofB3-1 arc negative 
for CK 17 (antibody E 3 ), but supra basal ones arc heterogeneously 
decorated. b,c) CK J 9 is present in highly slim basal cells (mro111) a.nd also in 
suprabasal cells very heterogeneously in the fragment B3-1 (b), but more 
homogeneously in the basal cells (m7'0IP) of fragment B3-2 (c). d) CK 20 
antibodies occasionally decorated Merkel cells within the basal layer (a/Tow) 
of the ORS in upper B3-2. Bnr, 50 f-.(.111. 
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imnmnostaini.ng experiments using longitudinally and transverse\)' 
section ed plucked hair follicles. Because CKs are the most abundant 
proteins in all epithelia including hair follicles, and b ecause they arc 
generally accepted markers of epithelial differentiation, these 
polypeptides also may be important molecular markers of di1feren-
tiation in hair follicl es. T herefore, we used a battery of CK 
antibodies to study the dilferentiation o f the outermost cells of the 
ORS of plucked hair follicles. These outermost cells, including the 
high columnar ones, generally expressed CK 5 (antibody AE 14), 
whereas most cells showed no reaction to CK 17 (antibody E 3; Fig 
2a); the suprabasal cells, however, were decorated by this antibody 
(Fig 2a). In addition, the large columnar cells expressed CK 19 
heterogeneously (Fig 2b) and in a region closer to the sebaceous 
gland, and CK-19 -positive cells were often detectable in rows or 
scattered among the outermost cells of the ORS (Fig 2c; see 
below) . CKs 8 and 18 were not detectable in basal ORS cells. 
Surprisingly, occasional Merkel cells were revealed in plucked hair 
follicl es by antibodies against CK 20 (Fig 2d) . 
Expression of CKs and (H Integrins in ORS in Tissue For 
direct comparison we also investigated hair follicles ill sitt1. In its 
lower region, the ORS is about 6 to 10 cell layers thick (Fig 3). Its 
basal ceJis are columnar cells, with nuclei at the apical pole (see also 
Fig 4). The only CK to be detected regularly in the basal columnar 
cells was CK 5 (antibody AE 14), which was probably accompanied 
by its acidic partner CK 14 (not shown; see also [25]). They were 
generally n egativ e for CKs 19 and 17 (Fig 3b,c); however , in a few 
specimens some hair follicles exhibited a he terogenous staining of 
the basal columnar cells (Fig 3a) . Interestingly, many cuboidal 
basal cells in the bulge area were often CK 19 reactive (Fig 3b); 
thus, the CK staining pattern of the basal ORS of plucked hair 
follicles is identical to that seen in the basal ORS iu sittt, indicating 
that the whole ORS is removed when a hair follicle is plucked. The 
CK patte rn of supra basal keratinocytes was essentially the same as 
in plucked hair follicles (see Figs 2 and 3). 
We also studied the distribution of {31 integrins, since it has been 
suggested that stem cells and closely related cells are rich in (31 
integrins (22,26] . The antibody CD 29 (against VLA {31 integrin) 
decorated the basal cells of the whole ORS strongly, whereas many 
lower suprabasal cells were stained weakly (Fig 4). The columnar 
cells were heterogeneously stained in their lateral and upper cell 
membranes (Fig 4a) esp ecially in the lower ORS, and some cells 
were intensely reactive, whereas others were only very weakly 
stained . All polygonal suprabasal cells were unreactive (Fig 4a). In 
contrast, the smaller polygonal basal cells located in the bulge area 
typically were intensely stained (Fig 4b). T lus reaction involved up 
to three suprabasal cell layers . IJ1 addition, all cells in the so-called 
"hoods" stained strongly for VLA {31 integrin (Fig 4b). 
Cell Proliferation in Hair Follicles To evaluate the ceU 
kinetics of the anagen h air follicles used in our cultures, we 
performed K.i-67 labeling on tissue sections. Most of the cells with 
decorated nuclei, i. e ., in the Gl phase, were located within the 
lowest bulb below the line of Auber (Fig Sa), but cells of the ORS 
and epidermis were also decorated (Fig Sb-d). ln anagen follicl es, 
these decorated cel.l s were often located in basal and suprabasal 
positions, particularly around tluckened parts of the ORS (Fig Sc), 
as well as h1 the follicular inftmdibulum (Fig 51•). Notably, the high 
columnar basal cells w ere generally not decorated (Fig Sc) and we 
only rarely encoumered stained cells in the bulge area (Fig 5d). The 
distribution of recorded BrdU incorporation was essentially the 
same as that ofKi 67-labeled ~uclei , although the total number of 
cells involved was markedly lower (not shown). 
Microdissection of Plucked Hair Follicles Plucked hair fol-
licles were microdissected into five parts: B1, B2, B3-1, B3-2 , an d 
B4 (see !vlnterinls nud !vlellwds a11d Fig 1b) . The fragment B3-1 
comprised mostly high columnar basal cells characteristic of the 
lower ORS. Most of the bulge area was present in segment B3-2. 
but in some cases at least p arts of it extended into segment B4. W e 
counted the number of epithelial cells separated by trypsin/EDT A 
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Figure 3. hnmunoperoxidase staining of auagen hair follicles in 
the B3-1 and B3-2 fragments using CK antibodies against CK 19 
(a, b), and CK 17 (c). T he o utermost cell layer C>."Presses CK 19 heteroge-
neously in B3-1 (n), but more rarel y in B3-2 (b) . CK 17 is generally not 
present in the outermost cell laye r, with the exception of some single cells 
(mTows in c). HS, hair shaft. Bnr, 50 fLm. 
treatment in each of the fragments. In 10 unequivocally identifiable 
an agen ha.ir fo lli cles, we found a mean number of 4743 cells in B1 
(lowest, 2,454; highest, 6,372); in B2 the mean was 327 cells (12 ; 
1.,710), in B3 it was 17,756 cell s (10,854; 38,706), and in fragment 
B4, 1,350 cells (11 4; 4,932). 
Characterization of Fragments B1-B4- T he separated ORS 
keratinocytes were characterized and quantified after centrifuga-
tion, according to their reaction patterns with various CK and 
integrin antibodies, and their proliferation rates w ere a.lso investi-
gated (Table I) . It was fow1d that the characteristics of these cells 
were qu.ite variabl e. Bl keratinocytes conta.ined few CKs. CKs 5 
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Figure 4. lmmunoperoxidasc staining of anagen hair follicles us-
ing an antibody against VLA /3 integrin (CD29). T he high columnar 
basal cel.ls of the B3-1 fragment arc heterogeneously stained (n), whereas the 
bas:tl cubo idal cell s of the B3-2 fi·agment and bulge ru·ea (B) as well as one 
to three suprabasal cell layers (b) are in tense ly stained. M, M. an·ector pili. 
Bars, 50 fL111 . 
and 17 were extremely w eak.ly expressed by many cells, however, 
the expression of VLA {31 integrin (antibody CD29) was very 
intense in most Bl cells. Most B 2 keratinocytes expressed CKs 5 
and 17 intensely. T here was w eak expression of simple-epithelial 
CKs in some cells and intense {31-integrin e"-pression in many cells. 
In the B3 fragment, the expression ofCKs 8, 18, and 19 was more 
widespread. In the B4 fragment, CK 19 was the only simple-
epithelial CK detected, and CKs 5 and 17 were present in most 
cells. No CK 20 -positive cells, i. e ., no Merkel cells, were detected. 
In the B3 and B4 segments, widespread iutegrin e'--pression was 
observed. K.i- 67-positive keratinocytes were infrequently encow1-
tered in aJI fractions, their occurrence being h.igbest in the Bl 
fragment (Table 1). 
Colony-Forming Ability and I11 Vitro Life Spans of Frag-
m ents B1- B4 Having isolated and characterized keratinocytes 
from the various subpopuJations B1-B4, we next investigated their 
co lony- fom1ing ability (n = 10) , their ;, 11itro life spans (n = 1 0), 
and th e cellular characteristics they develop w hen cultured. To 
study colony-fom1ing ability, we counted single cells from frag-
m ents Bl-B4 after centrifugation or plating on human feeder layers 
and added FAD med.ium. Eleven days later, the cultures were fixed, 
stained , and counted. Colony-forming abili ty ranged from 0% to 
35%. Low values w ere most common in the B1 and B4 fragments, 
whereas the highest values occurred in tl1e B2 and B3- 1 cultures 
(Table II). 
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Figure 5. lmmunoperoxidase staining of anagen hair follicles us-
ing the antibody against Ki-67. Most keratinocytcs in the lower bulb (n) 
and many basal and suprabasal cells of the fragment B2 (n) arc decorated, as 
well as many basal and para basal cells of the infundibulum (b). The high 
columnar cells of the fragments B3-1 and B3-2 (c) are negative, but some 
para basal cells of this area are decorated. Around the area of the bulge (d), 
Ki-67-positivc cells are cxtrcme.ly rare. E, cpidcnn.is; M, M. nrrcclor pili. Bnr, 
50 fLITI. 
In each of these ten cases, we checked which fragment of one 
hair follicle contained the highest percentage of cells giving rise to 
a colo ny (see Table III). Nearly 60% of the colony-forming cells 
were from the B3-1 fragment, whereas 27 .9% belonged to the B3-2 
fragment, i.e., approximately 90% of cells giving rise to colonies 
were located in fragment B3. ' 
For comparison, identical investigations were performed using 
hair follicles prepared from tissue samples (three cases; six follicles 
each). T he colony-forming ability for these samples were within 
the same ranges when compared to plucked hair follicles for the Bl 
(2.8%), B3-1 (6.2'V.,), and B3-2 (5.9%) fragments, but were much 
higher for the B2 (28.8'Yt,) and B4 (5.2%) fragments. The localiza-
tion of colon y-forming keratinocytcs within a hair follicle was again 
identical in B1, within the same range in B2 and B3, but much 
higher in B4 (up to 27%), when compared to the tlndings for 
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Table I. Expression of CK, /31 Integrin, and Proliferative 
Activity in Subpopulations B1-B4 of ORS Keratinocytes" 
CK19 CK18 CK17 CKS VLA/31 K.i 67 
Bl (+) (+ ) + ++ +++ + 
B2 + (+ ) +++++ +++++ ++ + 
B3-1 + + ++++ +++++ +++ (+) 
B3-2 + + ++++ +++++ +++ (+ ) 
B4 + 0 +++ ++++ ++ (+ ) 
'' From 20 donors, three hair follicles each (total of 60 follicles) were dissected into 
fragments Bl to .B4. Corresponding fragme nts from two donors, i. e., six fragments, 
were pooled, nnd cells were disnggrcgated by trypsin. centrifuged, nnd stnined 
jmmunocytochcmically for the various antigens. The percenmges of stained cells arc 
presented as mean values derived from the 10 experiments. Extremely weak stainjng 
(+), < 5%: +, 5-20%; ++ , 21-50%; +++ . 51-80%: ++++ , 81-95%; +++++, 
> 95%. 
plucked follicles. This suggested important differences between 
plucked and tissue-isolated hair follicles in fragment B4. 
To evaluate the i11 11itro lifespans of such cultures, we plated single 
cell suspensions from microdissected fragments Bl-B4 (dissociated 
with trypsin/EDTA) on human inadiated feeder layers and FAD 
medium. After the primary culture, the cells were regularly pas-
saged under identical conditions when 70°/., confluence had been 
reached. Passaging was continued until cell death occurred in all 
fragments; to minimize possible culture effects, we performed 
expel"iments with two different media (FAD and feeder layer; KGM 
without feeder; Table IV). Nearly all of the cultures investigated 
had longer life spans in KGM medium than in FAD medium on 
feeder layers. l11 most cases, Bl and B4 cells did not form any 
colonies in culture, and the rare colonies that were established 
could be passaged only a few times, except in one or two cases, 
whereas B2, B3-1, and B3-2 cells continued to grow (Table IV). 
Further Differentiation of Fragment-Derived Cells During 
Culture Throughout their life spans, cultures established from all 
five fragments were characterized by examining various dilferen-
tiation and proliferation m arkers and were continuously compared 
to the cells of origin (see Table I) . Interestingly, the Bl cells, 
which originally exhibited a paucity ofCKs, acquired CK 5, 18, 19, 
and 17 within only one or two passages (not shown). Furthermore, 
up to 5% of these cells acquired CKs 1/10 and fl.laggrin in late 
passages (Fig 6e), thus demonstrating that Bl cells are also capable 
of terminal dilferentiation similar to that seen in the epidermis. 
Trichocyte CK was not studied further. The B3-1 and B3-2 cells 
developed large amounts of simple-epithelia.! CKs 8, 18, and 19 
(Fig 6b,c), as well as CK 17 (Fig 6a) and CK 5. The Ki-67 antigen 
was present in nearly 100% of these cells (which had the longest life 
span in culture), only decreasing from passage 9 onward to less than 
5%. The VLA {31 integrin (antibody CD29) was detectable i.n most 
cells throughout the lifespan of culture (Fig 6d). 
Table II. Colony-Forming Ability (CFA; 'Yo) of Fragments 
Bt to B4" 
Case Bl B2 B3-1 B3-2 B4 
0.5 1.3 1.5 2.1 1.9 
2 0.4 35 18.7 2.3 0.7 
3 0.2 3.6 9.4 5.4 ND 
4 0 ND 15.3 6.4 0 
5 1.0 3.6 5.7 0 0 
6 0.5 2.0 1.4 0.7 5.6 
7 0.1 1.7 l.7 1.5 0.2 
8 1.0 5.4 2.4 0.3 0 
9 1.4 ND 11.6 0.4 0 
10 1.9 10.0 2.7 1.8 8.0 
Mean value (%) 0.8 6.9 5.9 2.3 l.O 
" Six anagen hair fo llicles from t·en different donors were dissected into fragments 
and their CFA was detcnnined ns outlined i.n A1ntcrinls mtd lvlcthods. The mean va.lues 
arc derived from these 10 cases. 
VOL. 105, NO. 1 JULY 1995 
Table Ill. Localization of Colony-Forming ORS 
Keratinocytes (B1-B4) Within a Hair Follicle" 
B1 1' 
B2 
B3-1 
B3-2 
B4 
9.40 ( :!: 7.8) % 
7.87 ( :!: 8.01) % 
59.2 ( :!: 21.34) % 
27.9 ( :!: 20.47) % 
1.60 ( :!: 2.06)% 
11 Six ha.ir follicles (from rcn differen t donors) were dissected into fragm ents (sec 
Table D) , and colony-forming ceUs of each fragment were related to the total number 
of colony-forming cells of the respective hair follicles . 
b The 1n can percentages (o/u) and SO for the ten cases a_re given . 
DISCUSSION 
We microdissected plucked anagen hair follicl es into five fragments 
to study the growth potential of ORS keratinocytes. We demon-
strated that most plucked hair follicles contained the total ORS 
extending from the upper bulb up to the lower bulge (B2, B3-1, 
and lower B3-2), but in most cases not all layers of the ORS 
remained in the upper bulge and istlunus (upper B3-2 and B4) . 
Keratinocytes isolated from these five fragments then were used to 
establish cell cultures. 
Keratinocytes capable of forming colonies in culture are present 
in the epide m1is and hair follicles, but they represent only a small 
portion of the total number of cells in these structures [27]. Indeed, 
the precise localization and distribution of these keratinocytes 
within both the epidermis and hair follicles is still debated. Sun, 
Lavker and co-workers [13,28] , Cotsarelis eta/ [10] , and Kabayashi 
et a/ [29] have presented evidence suggesting that the stem cells of 
murine and human hair follicles (and probably also of the interfol-
licular epidermis) are localized in the bulge, or, in the case of 
glabrous skin, at the tips of epidem1al ridges [28]. In our experi-
ments with plucked human anagen hair follicles (summarized in 
Fig 7), we identified an aggregation of colony-fonning keratiJw-
cytes deep in the hair follicle, i.e., the " central region" of the B3 
fragment, which is sited much lower than the bulge area. Nearly 
90% of the colony-forming cells were located in this B3 region, 
59.2% occurring in its lower (B3-1) region (Fig 7). We w ere thus 
able to demonstrate that most colony- forming cells and the cells 
with the longest life span in culture w ere located in the lower parts 
of the ORS (B3-1 and B3-2), the area where the basal cells of the 
ORS exhibit a characteristic high columnar shape (Fig 7). These 
results agree with those of Rochat et a/ [16) using pinched hair 
follicles. Although we used prin1arily plucked hair follicles, the life-
spans and the segregation pattern were within the same ranges as 
those pinched from tissue by Rochat et a/ [16] and by us, but the 
colony-forming ability was much lower in our experim ents with 
plucked hair follicles. W e were able to demonstrate, however, that 
the basal cells of the ORS in B3-1 that Rochat eta/ [16] assumed to 
b e stem cells are usually present in plucked hair follicles of humans; 
because regeneration occurs after plucking, these cells are probably 
not the only stem cells of follicl es , but they seem to survive well iu 
vitro. 
In the epidermis, the colony-fornung ability was found to range 
Table IV. Maximum Number of Passages and Maximum 
Culture Time of Keratinocytes &om Different Fragments 
of Plucked Human Hair Follicles 
Number of passages Maximum Time 
Fragment in Culture 
(number of cases) 0 1-3" 4-6 7-9 > 9 {weeks) 
Bl(n = 19) 15 2 2 4 
B2 (n = 19) 10 5 4 5 
B3-1 (n = 13) 6 2 5 9 
B3-2 (n = 13) 4 4 2 3 10 
B4 (n = 19) 16 2 5 
"Cultures (in KGM) were passaged at 70% conflucncy (every 4-8 d). 
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Figure 6. Imruunopero:xidase microscopy of cultured ORS kerati-
nocytes with antibodies against CKs (a- c), VLA f3 integrin (d), and 
filaggrin (e). n) B3-1 keratinocytes (fi rst passage) , showing a broad 
expression ofCK 17. b) B3-1 keratinocytes (second passage); some mostly 
enlarged cells express CK 19. c) B3-2 keratinocytes (third passage), showing 
many CK IS-positive cells. d) B3-1 keratinocytes (cllird passage); /31 
imegrin (antibody CD29) is broadly expressed. c) Bl keratinocytes (third 
passage), showing rare fi laggrin-positive ce lls. Bnr, 50 JJ-111. 
from 1% to 3.5°/.> [30]; this rate was higher in the B2 (6 .9%) and 
B3-1 (5.9%) fi·agments . Inte restingly, fragment B3-1 exhibited a 
high colony-forming ability, thus further pointing to the high 
20 MOLL 
B4 
CK 5 ,17,19 
Xi 67 (;) 
CK 5,1'7,18 ,1 9 
BJ-2 Xi 67 ( + ) 
c uboid BC 
CK 5,17,16,19 
BJ- 1 Ki 67 (+) 
columnar BC 
B2 
B1 
CK 5 , 17, 19 
Ki 67 ++ 
CK S ,17 (+) 
Ki 67 
Au.ber line 
CFA Cl:'C IV 
( + ) ( + ) ( + ) 
( + ) ( + ) 
Figure 7. Schematic diagram of hair follicle fragments B1-B4. 
Morphologic and dilferentiation cha racteristics ofORS keratinocytes iu vivo 
(lift.) and their iu 1Jitro growth characteristics (right). BC, basal cells; CFA, 
colony-fonning ability; CFC, colony-forming cells; E, cpidennis; SD, 
sebaceous duct; IV , in tlitro growth capacities. ( + ), very low; +, low; + +, 
high; + + + , very h.igh (see also Tables ll-IV) . 
growth potential of these cells. ln contrast, the B3-2 fragment 
exhibited not only far fewer colony-form.ing keratinocytes, but also 
a lower colon y-form.ing ability. As some colon.i es also grew fro111 
the B 1, B2, and B4 fragments, it was demonstrated that ke ratino-
cytes of the entire ORS are capable of growing in culture, although 
w.ith shorter life spans. These results demonstrating th e growth of 
ORS keratinocytes from aU fragments i11 culture agree w.ith tl10se of 
Re)'110lds eta/ [31), who also succeeded in growing these cells in 
culture without fibroblasts . 
We characterized the states of d.ifFerentiation of isolated B1, B2, 
B3 and B4 cells before culture using antibodies against CKs, 
integrins, and Ki-67 [32]. Surprisingly, tbe Bl cells demonstrated a 
remarkable paucity of CKs; only CKs 5 and 17 were detectable. Its 
common acidic partner, CK 14, is probably also present in such 
cells (see 4), although Coulombe [25) failed to demonstrate this 
even after intensive study. T llis paucity of CKs argues for a low 
state of differentiation. T hese cells were also found to be rich i11 
VLA {31 integrins, and th.is unusual differentiation pattern suggests 
chat they may represent a stem cell population like that reported by 
Reynolds and colleagues [15 ,31] in humans and rats. ln our 
experiments, however, these cells grew very little. In contrast, tl1e 
cells of the 62, B3, and B4 fragments were rich in various CKs, 
especially CKs 5 and 17, with smaller amounts of CKs 8, 18, and 
19. Jt was striking that the amount of CK 19 was variable in the 
B2-B4 regions, agreeing well with d<Jta published by Lane eta/ [14] 
and van Baar et a/ [33 ]. This again confirms the finding that many 
CK-19-positi ve cells are often present in plucked hair follicles (see 
above) and argues against their previously proposed stem cell 
nature [14J, because hair follicles are renewed after plucking. 
We found that the cells w.ith the longest Ufespans were usually 
characterized by the presence of CK 5, whereas some also ex-
pressed CKs 17 and 19 as well as ,Bl integrins. Such ce lls probably 
represent immediate descendents o f stem cells or at least transient 
amplifying cells [13). Moreover, when we characterized the cul-
tured cells derived fro m the various ORS fragments during their 
lifespans in culture , we observed terminal differentiation in aU such 
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cultures (i. e., the expression of CKs 1/10 and filaggrin) at the end 
of their lifespans. In general, th e cultured keratinocytes of the 
various fragments were closely related and were able to express an 
identica l pattern ofCKs. Notably, in all keratinocyte cultures nearly 
100% of the cells expressed the Ki-67 antigen during some passages. 
This indicates that under culture conditions (unlike ir1 vivo) most 
cells undergo mitosis, and it remains questionable whether "stem 
cells" sti ll exist in such colonies. 
Our results are not necessarily in conflict with the "bulge activa-
tion" h ypoth esis of Sun, Lavker and co-workers [10,13) and may 
even support this hypothesis, because only parts of the bulge area 
are actually removed in plucked hair follicles in contrast to the la.rgr 
columnar cells, which are mostly removed by plucking. Indeed, this 
m;~y support the " bulge activation" hypothesis, because it should 
not be possible for the most important stem cells to be removed 
during plucking at 311y stage of the hair cycle . We also investigated 
the localization of colony-forming cells as well as th e colony-
forming abil.ity ofbair follicles isolated from tissues. [n fragment B4, 
27% of the cell population consisted of colony-forming cells as 
compared to 1.6% in plucked hair follicles, whereas th e colony· 
forming abiHty increased from 1% to 5. 2%. u1 contrast, for frag· 
ments Bl-B3, the differences between plucked and tissue-isolated 
ha.i1· follicles were not as marked. These comparative data strongly 
argue for a loss during plucking of highly active cells within B4. 
Our results indicate that the lugh columnar cells are of great 
importance in hair growth, probably during a single comple te cycle, 
because they may give rise to suprabasal cells showing a h.igb, 
mitotic activity. However, they may not represent the only or the 
most important stem cells present in hair structures. 
Because these data were derived from cultures in which the 
natural m.icroenvironment of ORS keratinocytes and stem cells a 
well as their descendents is totally changed, no direct segregation of 
stem cells was possible. However, our results are relevant for 
separating keratinocytes with the best colony-fom1.ing ability and 
longest life spans i ll JJitro. These characteristics may also be retained1 
after retransplantation to nude mice or to humans. Therefore, 
an1ong cells isolated and cultured from the B3-1 and B3-2 frag-
ments of plucked h air follicles , these keratinocytes m ay be espe-
cially usefuJ in transfection experiments and in gene therapy, e .g. , 
in cases of xeroderma pigmentosum and other genetic diseases [34). 
Before we can ask whether the columnar cells or bulge cells of the 
ORS represent (at least in part) stem cells , cloning experin<ents will 
be necessary to elucidate the character of these cells. 
1 tlumk Mrs. P. Hmtdck nurl Mrs . C. HeriJSt (1\;fa rmlteim) fo r expe1t tecllllical 
nss istnuce, Mrs. I. T!itsc/der nud Mrs. J. Kniidlcrforcarefull)' typi11g th e manuscript, 
aud Mrs. I. Rohmer for experl photographic work. 
T his work lllls been supported b)• the Deutsche Porsclumgsgemeiuscluifi (grnnl Mo 
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